Finite element method (FEM) is employed in this paper to conduct the comparative study of the shielding properties of enclosure with outer and inner excitations. Plane wave is adopted for the outer excitation case while coaxial cable is utilized to model the inner excitation source. Moreover, the resonance phenomena of slotted enclosure under different excitation are studied in detail. Finally, some conclusions with regard to the relationships and distinctions between the inner and outer excitations for the same enclosure are proposed.
Introduction
The penetration of electromagnetic fields through slot has been of considerable interest because of its crucial influence on the shielding performance. As a result, numerous approaches have been proposed to quantify the shielding properties of enclosures with aperture and slot. One class of approaches uses outer excitation [1] [2] [3] . Usually, plane wave is adopted as source to excite the entire system. These approaches become prevalent mainly because they are simple and easy to implement. Another class of approaches utilizes inner excitation such as wave port or current probe to excite the system [4, 5] . These approaches are more complicated because the electromagnetic radiation properties of excitation source are dependent on the position of observation point.
In this paper, the well-established FEM [6] is employed to investigate the shielding properties of enclosure with outer or inner excitation. The resonance phenomena of slotted enclosure are studied in detail. Finally, some conclusions which are useful for shielding design are proposed.
Shielding Models and FEM Description

Shielding Model
The geometrical model from Reference [4] is taken in this study for comparison and validation purpose. The geometry of the enclosure with a slot is shown in Figure  1 . The enclosure is excited by coaxial cable with characteristic impedance of 50
. The center conductor of the coaxial cable extends to span the width of the cavity with a 0.16-cm-diameter wire and terminated on the opposite cavity wall with a 47   resistor. The enclosure is constructed of five pieces of 0.635-cm-thick metal, and one plate of 0.05-cm-thick metal for the side containing the slot. The interior dimensions of the enclosure are 22 14  30 cm. The coaxial cable at x = 17 cm, z = 15 cm, with a center conductor along y axis, is employed as an excitation source. A 12  0.1 cm slot located on the front plate is 0.2 cm away from the bottom edge.
Brief FEM Description
For simplicity, let us consider an electromagnetic problem defined in a volume denoted by and bounded by perfect conducting surface (PEC), waveguide port boundary condition (WPBC) and absorbing boundary condition (ABC). Besides, lumped resistor has to be incorporated into FEM to appropriately model the inner excitation source. By applying Galerkin's method, the corresponding weak-form solution of the boundary-value problem 
where (2) with N denoting the total number of unknowns. The physical meanings of the variables in the above equations are shown in Table 1 . For the plane wave source case, the excitation applies on the ABC surface. We have , and
has the uniform plane wave form. While for the wave port source case, the excitation applies on the port surface. We have , and
is set to be the same with . For simplicity, we have omitted the spatial dependant factor in equations (1)- (4), all the vectors should be function of position vector , and this abbreviation method applies in the following sections. 
where This formulation is called Galerkin's formulation since the same functions are used for both expansion and testing. Equation (3) can be written compactly as
which can be solved for { } E . Because the elemental interactions in (3) are local in nature, K is a sparse and symmetric matrix that can be solved efficiently using a sparse matrix solver. Once { } E is obtained, the field everywhere in V can be calculated using (2), from which other parameters, such as the input impedance and radiation patterns, can be computed.
Results
For the plane wave excitation case, the shielding performance is measured by shielding effectiveness (SE)
where int E is the electric field at a given point inside the enclosure and ext
E
is the field at the same point in absence of the enclosure.
For the coaxial cable excitation case, the power delivered to the enclosure is related to the reflection coefficient as Figure 2 shows the power delivered to the enclosure. The measurement result from [4] is also presented here for validation purpose. It can be seen from the figures that the FEM simulation results agree with measurement results well in general. This guarantees the correctness of the following simulations. Figure 3 shows the resonance points and their attributes of enclosure with the slot. Figure 4 shows the SE and resonance points of the enclosure for -polarized plane wave excitation. Figure 5 shows the SE and resonance points of the enclosure for Y Z -polarized plane wave excitation. The value of their resonance points are listed in Table 2, Table 3 , and Table 4 , respectively.
By comparing Figure 3 and Figure 4 we can see that the TEM resonance at 1.08 GHz due to probe half wavelength resonance disappears when we change the excitation source from coaxial cable to plane wave. At the same time, TEy012 mode is excited while TMy111 mode and TMy201 mode are suppressed. Besides, the resonance frequency of TMy101 mode decreases since the terminated feed probe is removed. The slot resonance is due to the half wavelength resonance since the length of slot equals to half wavelength at about 1.2 GHz. So this resonance remains for both configurations. It also shows that the same enclosure can have very different resonance behavior when it is excited by different sources. One should keep this in mind when involved in the design of shielding enclosures because the resonance is the most crucial part in this process.
By comparing Figure 4 and Figure 5 we can see that the SE of the enclosure increases significantly when we change the excitation source from Y-polarized plane wave to Z-polarized plane wave. This is because the aperture greatly cuts into the path of induced current and breaks the integrality of shielding for Y-polarized case. It can be deduced form Table 3 and Table 4 that the slot 1.47 resonance is absent when the excitation source is Z-polarized plane wave. But the two resonance points associated with coupling of cavity and slot exist. Moreover, TMy102 mode and TEy110 mode are excited.
Conclusions
In this paper, the FEM is employed to investigate the shielding properties of slotted enclosure with outer or inner excitation. The resonance phenomena of slotted enclosure are studied in detail for both inner and outer excitations. Different polarization configurations of incident plane wave for the outer excitation case are also investigated, especially for their resonance behavior. It also shows that the same enclosure can have very different resonance behavior when it is excited by different sources, Which could be helpful for shielding enclosure design.
